Abstract: A recent resurgence in coal workers' pneumoconiosis (or "black lung") and concerns over other related respiratory illnesses have highlighted the need to elucidate characteristics of airborne particulates in occupational environments. A better understanding of particle size, aspect ratio, or chemical composition may offer new insights regarding causal factors of such illnesses. Scanning electron microscopy analysis using energy dispersive X-ray (SEM-EDX) can be used to estimate these particle characteristics. If conducted manually, such work can be very time intensive, limiting the number of particles that can be analyzed. Moreover, potential exists for user bias in interpretation of EDX spectra. A computer-controlled (CC) routine, on the other hand, can allow similar analysis at a much faster rate, increasing total particle counts and reproducibility of results. This paper describes a CCSEM-EDX routine specifically developed for analysis of respirable dust samples from coal mines. The routine is verified based on reliability of results obtained on samples of known materials, and reproducibility of results obtained on a set of 10 dust samples collected in the field. The characteristics of the field samples are also discussed with respect to mine occupational environments.
Introduction
Respirable dust in underground coal mining environments has long been recognized as an occupational health hazard [1] . Particulates with an aerodynamic diameter less than 10 µm are generally considered respirable [2] [3] [4] [5] . Coal workers' pneumoconiosis (CWP, commonly referred to as "black lung") and silicosis are the most prevalent occupational respiratory illnesses affecting coal miners, usually after chronic exposures to respirable dust [1] . These illnesses generally cause scarring of lung tissue, resulting in difficulty breathing amongst other symptoms, and can eventually lead to premature death [6, 7] . Across the USA and elsewhere, dramatic reductions in CWP and silicosis cases have been achieved via a combination of regulatory dust exposure limits, improved ventilation, and development of dust abatement technologies [5, [8] [9] [10] [11] [12] .
In the USA, after passage of the Coal Mine Health and Safety Act in 1969, the Coal Workers' Health Surveillance Program (CWHSP) was established in 1970 to detect early stages of CWP and prevent development of progressive massive fibrosis (PMF) [13] . This program collects and reports the results from miner chest X-rays in the CWHSP Data Query System [13] . Between 1970 and 1999, a decreasing trend in CWP incidence rates was generally observed amongst CWHSP participants across the US. However, since 1999, trends in some regions have unexpectedly reversed [8, [14] [15] [16] . As shown in Figure 1 , mid-central and south-central Appalachia, in particular, appear to have dramatically increased incidence rates-nearing or exceeding the 1970 rates in these regions [13] . Moreover, CWP and progressive massive fibrosis (PMF, the most severe and rapidly progressing form of lung fibrosis)
Moreover, CWP and progressive massive fibrosis (PMF, the most severe and rapidly progressing form of lung fibrosis) appear to be affecting relatively younger miners than before [8, 10, [13] [14] [15] . While these alarming trends have not been fully explained, a number of causal factors have been suggested (e.g., see [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ), including exposure conditions and specific dust characteristics. , and includes all reported categories of CWP (i.e., severity categories 1, 2, and 3, and progressive massive fibrosis (PMF)).
Several researchers have noted that underground mines in the most severely affected regions are extracting increasingly thinner coal seams, and thus also cutting more roof and floor rock (e.g., [17, 20, 22, 23] ). The roof rock (e.g., sandstone) in many of these mines includes significant silica content, and so higher concentrations of crystalline silica (quartz) may be expected in dust [19, 23] . Many mines in parts of central Appalachia are also relatively small and accordingly have small labor forces. This means that some miners may be working longer hours and/or in a variety of job roles. In this case, individuals may be exposed to relatively high or variable dust concentrations and a range of dust characteristics [5, 8, 22] . Further, advances in mining equipment have yielded more powerful cutting machines for production activities, which are likely to generate relatively smaller dust particle sizes; and it has been suggested that small particles can be more harmful to health than larger respirable dust particles [21] . Indeed, particle size as well as shape (e.g., elongation, angularity, roughness) can affect the degree of dust particle deposition in the lungs [24] . Considering all of these, a more thorough understanding of specific dust particle characteristics and occupational exposures may assist in better understanding health outcomes.
Prior work in the authors' research group led to the development of a standardized routine for characterizing respirable coal mine dust samples by particle size, shape, and chemistry distributions. It involves manual analysis with a scanning electron microscope equipped with energy dispersive X-ray (SEM-EDX), and has been described in detail elsewhere [25] [26] [27] [28] . SEM-EDX is a very powerful tool for particulate characterization, and is well established for chemical identification of particles (e.g., see [29] [30] [31] [32] [33] [34] [35] ) and determination of size and shape parameters (e.g., see [33, 36] ). The US Environmental Protection Agency (EPA) has produced detailed guidance on the use of SEM-EDX for analysis of particulate samples [37] . On a limited basis, SEM-EDX has been used specifically to investigate mine dust mineralogy and particle size in the context of occupational health (e.g., see [38] [39] [40] [41] ); however, it has not seen widespread use in this domain-probably due to the fact that it is relatively time and cost intensive. , and includes all reported categories of CWP (i.e., severity categories 1, 2, and 3, and progressive massive fibrosis (PMF)).
Prior work in the authors' research group led to the development of a standardized routine for characterizing respirable coal mine dust samples by particle size, shape, and chemistry distributions. It involves manual analysis with a scanning electron microscope equipped with energy dispersive X-ray (SEM-EDX), and has been described in detail elsewhere [25] [26] [27] [28] . SEM-EDX is a very powerful tool for particulate characterization, and is well established for chemical identification of particles (e.g., see [29] [30] [31] [32] [33] [34] [35] ) and determination of size and shape parameters (e.g., see [33, 36] ). The US Environmental Protection Agency (EPA) has produced detailed guidance on the use of SEM-EDX for analysis of particulate samples [37] . On a limited basis, SEM-EDX has been used specifically to investigate mine dust mineralogy and particle size in the context of occupational health (e.g., see [38] [39] [40] [41] ); however, it has not seen widespread use in this domain-probably due to the fact that it is relatively time and cost intensive.
With the previously developed manual SEM-EDX routine, analysis is generally limited to about 100 particles per sample, which requires up to 90 min of user time. The potential for user bias and/or error in interpretation of EDX chemical spectra also represent limitations for manual analysis [25, 42] . A computer-controlled (CC) routine, on the other hand, could allow for more efficient, unbiased sample analysis. CCSEM-EDX has the ability to analyze on a frame-by-frame basis and gather particle size, shape (e.g., aspect ratio), and elemental (i.e., chemical) characteristics for individual particles [37] . Such analysis of particulates has been developing since the mid-1970s (e.g., see [43, 44] ), and significant progress has been made over the years to increase the rate, reliability, and level of data collection achievable per particle (e.g., see [45] [46] [47] ). The ability to characterize many more particles with CCSEM (vs. manual SEM) generally improves reproducibility of results and statistical confidence in the data collected [45] [46] [47] . As such, CCSEM has seen increasing use for particulate analysis in a range of environmental applications, including identification of respiratory hazards like crystalline silica in specific dust sources (e.g., [48, 49] ). However, again, application to mine dust characterization has been scarce.
The objectives of the work described in this paper were to establish a CCSEM-EDX routine for specifically characterization of respirable coal mine dust particles; and verify the routine based on reliability of results obtained on known samples, and reproducibility of results between multiple scans of the same field samples. Particular dust characteristics determined for the fields samples are also discussed with respect to the mine environments where they were collected.
Materials and Methods

Dust Samples
A total of six laboratory-generated samples and ten field samples were used in this study to verify the CCSEM-EDX routine.
Lab-Generated Dust Samples
To evaluate the reliability of the CCSEM-EDX routine with respect to classifying particles into the correct chemistry category, a set of six respirable dust samples were generated in the laboratory from six known materials: washed coal, raw shale, a real rock dust product, high-grade quartz sand (Ward's Science, Rochester, NY, USA) and kaolinite (Ward's Science, Rochester, NY, USA), and calcite (Fisher Scientific, Fair Lawn, NJ, USA) powders. These materials were chosen because their primary constituents should represent the predominant chemical compositions of dust particles found in Appalachian coal mines (i.e., coal, alumino-silicates, quartz, carbonates, and heavy minerals such as pyrite).
The washed coal sample was obtained from a float sink test to ensure that it was relatively clean. Raw shale pieces were handpicked from a run-of-mine coal sample cut from the Peerless seam in mid-central Appalachia, which were expected to be dominated by aluminosilicate minerals. The rock dust sample was generated from a rock dust product provided by a partner mine; it is known to contain approximately 92% carbonates (i.e., calcite and dolomite) per separate X-ray diffraction (XRD) analysis commissioned by the mine operator. Because these are not pure materials, it was expected that the coal would contain a minor fraction of non-carbonaceous material; the shale would have some coal content, and likely minor fractions of other materials such as carbonates; and the rock dust would contain some non-carbonate minerals. For samples with minimal expected impurities, kaolinite was chosen to represent a "pure" alumino-silicate sample, and calcite was chosen to represent a "pure" carbonate sample. Finally, the quartz sample was prepared to verify that particles in this category are reliably classified.
To collect respirable particles of each material, a procedure was established similar to the EPA's procedure for dry dust sample preparation from bulk powders [37] , but using the same equipment as required for respirable dust sampling in underground coal mines and incorporating material pulverization (i.e., dust generation, except for the kaolinite and calcite, which were already fine enough to contain significant respirable particles). Samples were pulverized in a fume hood and aerosolized using compressed air. At the same time, Escort ELF dust sampling pumps (calibrated to 1.7 L/min) were operated in the fume hood with nylon Dorr-Oliver. The ELF pumps provide constant flow control, and are the same equipment certified for dust sampling in US underground coal mines [50, 51] ; The cyclones are also identical to those used for dust sampling in coal mines and ensure collection of only particles in the respirable range. Dust was collected directly onto 37-mm diameter polycarbonate (PC) filters in new, two-piece cassettes. PC media is ideal for SEM-EDX analysis of fine particulates because it provides a smooth background with consistently-sized pores and very low impurities [37] . Sample collection times ranged from approximately 3-5 min. In order to minimize contamination, the pulverizer (when used) and sampling pumps were thoroughly cleaned between collection of each sample material (i.e., using compressed air, wiping with moist towels, and then using compressed air again).
To prepare the dust samples for SEM-EDX analysis, clean tweezers were used to remove the filters from the cassettes, and then a circular sub-section (9-mm diameter) was carefully cut from the center of each filter using a stainless-steel trephine. Each subsection was mounted to an aluminum SEM stub using double-sided tape. The stubs were sputter coated with gold/palladium (Au/Pd) to render the surface of the sample electrically conductive.
Field Samples
The field samples (Table 1) were used to evaluate the reproducibility of the CCSEM-EDX routine, and were collected in five underground mines in mid-central and south-central Appalachia. All mines can be characterized as conventional room and pillar operations, meaning coal is directly cut on advance by continuous miner machines, loaded into shuttle cars and transported to a conveyor belt feeder to take it out of the mine. These mines were all working in relatively thin seams during the dust sampling, and thus cutting significant roof and floor rock. The mines were also actively roof bolting and, in some instances, rock dusting (i.e., applying high purity carbonate dust to coal surfaces in order to mitigate explosibility hazards). Some mines were known to generally have high respirable quartz content (i.e., >5% by mass at times). Sampling locations in the mines varied, but can be classified into one of four primary categories: in the ventilation intake, near the coal feeder or conveyor belt, near production activities (e.g., active coal cutting or roof bolting), and in the ventilation return. All field samples were collected using the ELF sampling pumps and cyclones, and prepared for SEM-EDX analysis as described above. Sample collection times ranged from about 2-4 h. 
Automated Dust Characterization Routine
Based on the manual method previously described by Sellaro et al. (2015) [28], a CCSEM-EDX routine was developed to estimate particle size, aspect ratio, and chemistry classification distributions. It analyzes approximately 500 particles per sample, scanning multiple frames of view to cover a relatively wide sample area. The routine was developed using an FEI Quanta 600 FEG environmental scanning electron microscope (ESEM) (Hillsboro, OR, USA), equipped with a backscatter electron detector (BSD) and a Bruker Quantax 400 EDX spectroscope (Ewing, NJ, USA). The BSD (i.e., rather than a secondary electron, SE, detector) is generally preferred for CCSEM due to its relatively low susceptibility to charging effects, and better background image uniformity and particle detectability [37] . Bruker's Esprit software version 1.9.4 (complete with DriftCorr, ImageStitch, Feature, StageControl, and Jobs tools) was used to program and run the routine. All automated work was conducted at a magnification of 1000× (vs. 10,000× used for the manual method). Other key instrument settings for the automated routine were: high vacuum mode, voltage of 15 kV, working distance of 12.5 mm, and spot size of 6.5 µm.
Particle Characteristics
Particle size and shape characteristics are determined from SEM image analysis, and are therefore dependent on image quality. The relatively low magnification level used for the automated dust characterization routine allows for efficient analysis (i.e., more particles are visible in a single frame), but limits image resolution. Therefore, only particles greater than about 1 µm (longest visible dimension) are selected for analysis (i.e., resulting in a total particle size range of about 1-10 µm given the cut size of the sampling cyclone); and only basic size and shape parameters are currently considered. For particle sizing, the long and intermediate (i.e., perpendicular to the long) dimensions are reported, and the cross-sectional diameter can be calculated (i.e., average value of the long and intermediate dimensions). For particle shape, the aspect ratio (i.e., ratio of long to intermediate dimensions) is determined.
Regarding particle chemistry, the classification criteria for the CCSEM-EDX routine were adapted from those previously reported for the manual routine [28] . In that earlier work, detailed manual SEM-EDX analysis of respirable dust samples representative of Appalachian coal mines was used to define six distinct classification categories: carbonaceous, mixed carbonaceous, alumino-silicate, quartz, carbonate, and heavy mineral. These are shown in Table 2 , and are based on the EDX elemental spectra associated with a given particle. For the manual routine, raw spectral peak heights were used to set classification criteria, but the Esprit automation software uses atomic percentages derived from peak ratios. Moreover, due to the lower magnification and increased spot size in the automated routine (vs. the manual routine), carbon and oxygen generally appear more abundant in EDX spectra as they are more frequently picked up from the filter background. To account for these differences, the atomic percentage limits for the CCSEM routine were gradually refined until automated and manual results agreed across a wide range of individual particles (i.e., between about 1-10 µm, and representing all defined chemical composition categories shown in Table 2 ). It should also be noted that observations during this process, along with previous observations [27, 28] , indicated that particles classified in the "mixed carbonaceous" category are most often small and/or thin alumino-silicate particles [27, 28] . Therefore, the mixed carbonaceous and alumino-silicate categories have been combined (i.e., to a total alumino-silicate, TAS, category) for reporting CCSEM-EDX results in this paper. A category called "other" is also used for any particle that does not fit into the defined categories shown in Table 2 . Table 2 . Classification criteria for dust particle chemical composition categories (modified from [28] ). Categories are abbreviated as C: Carbonaceous (i.e., coal), MC: Mixed Carbonaceous (i.e., very small or thin alumino-silicates), AS: Alumino-Silicates (e.g., clays and feldspars), Q: Quartz (i.e., crystalline silica), CB: Carbonate (e.g., calcite, dolomite), HM: Heavy Minerals (e.g., pyrite, titanium dioxide).
Elements
Manual Method Criteria (Raw Peak Heights, Cps/eV) Automated Method Criteria (Elemental Atomic, %)
1 Ca/Mg: calcium or magnesium meets criteria; 2 Fe/Ti/Al: iron, titanium, or aluminum meets criteria.
Particle Selection and Multi-Frame Sequencing
In order to ensure that particles are analyzed across a relatively large portion of the filter sub-sample and increase the probability of obtaining representative results, the automated routine was programmed to scan at least ten frames located relatively far from one another. At 1000× magnification, each frame is approximately 15,048 µm 2 (132 µm × 114 µm). Within each frame, particles must be consistently detected (i.e., discriminated from the filter background. A benefit of the Esprit software is that it can be programmed to run consecutive jobs, comprised of individual tasks within a single-frame. A multi-frame routine was created by sequencing multiple single-frame jobs.
An array of 157 frame locations is shown in Figure 2 , and the first 10 frames are numbered to illustrate the sequence of analysis. The black square represents the center frame where the automated routine begins. From there, analysis proceeds through the red frames as shown, following the same pattern for the top and bottom rows. The analysis then proceeds in the same fashion through the orange, yellow, green, dark blue, light blue, purple, and finally pink frames. This sequence ensures that analysis is spatially dispersed across the sample. All jobs are programmed with respect to the x and y coordinates in reference to the center frame position. 
In order to ensure that particles are analyzed across a relatively large portion of the filter sub-sample and increase the probability of obtaining representative results, the automated routine was programmed to scan at least ten frames located relatively far from one another. At 1000× magnification, each frame is approximately 15,048 μm 2 (132 μm × 114 μm). Within each frame, particles must be consistently detected (i.e., discriminated from the filter background. A benefit of the Esprit software is that it can be programmed to run consecutive jobs, comprised of individual tasks within a single-frame. A multi-frame routine was created by sequencing multiple single-frame jobs.
An array of 157 frame locations is shown in Figure 2 , and the first 10 frames are numbered to illustrate the sequence of analysis. The black square represents the center frame where the automated routine begins. From there, analysis proceeds through the red frames as shown, following the same pattern for the top and bottom rows. The analysis then proceeds in the same fashion through the orange, yellow, green, dark blue, light blue, purple, and finally pink frames. This sequence ensures that analysis is spatially dispersed across the sample. All jobs are programmed with respect to the x and y coordinates in reference to the center frame position. Individual analysis frames for a computer controlled energy dispersive X-ray (CCSEM-EDX) routine. The entire circle represents a 9-mm diameter subsample taken from the center of a 37-mm filter sample. The routine begins in the black (center) frame and then proceeds through the other frames by color (beginning with red) to ensure analysis across a wide area of the subsample. The analysis sequence is numbered for the first 10 frames to illustrate the sequence of analysis.
Within each frame, the software was programmed to perform the previously described particle size, aspect ratio, and chemical analyses on up to 50 particles, export the data to an MS Excel file, and then navigate to the coordinates of the next frame. This process is repeated until at least 500 particles Figure 2 . Individual analysis frames for a computer controlled energy dispersive X-ray (CCSEM-EDX) routine. The entire circle represents a 9-mm diameter subsample taken from the center of a 37-mm filter sample. The routine begins in the black (center) frame and then proceeds through the other frames by color (beginning with red) to ensure analysis across a wide area of the subsample. The analysis sequence is numbered for the first 10 frames to illustrate the sequence of analysis.
Within each frame, the software was programmed to perform the previously described particle size, aspect ratio, and chemical analyses on up to 50 particles, export the data to an MS Excel file, and then navigate to the coordinates of the next frame. This process is repeated until at least 500 particles have been analyzed; the routine does not stop until it finishes all programmed tasks in a frame. On respirable mine dust samples such as those used in this study, analysis time has been observed to be between about 15-60 min per sample depending on the relative particle density. Examples of very high, very low, and typical particle densities are illustrated in Figure 3a- have been analyzed; the routine does not stop until it finishes all programmed tasks in a frame. On respirable mine dust samples such as those used in this study, analysis time has been observed to be between about 15-60 min per sample depending on the relative particle density. Examples of very high, very low, and typical particle densities are illustrated in Figure 3a -c respectively.
(a) (b) (c) Figure 3 . Examples of respirable mine dust samples with (a) very high; (b) very low; (c) typical particle densities. The images were collected at 1000× magnification.
Results and Discussion
Evaluation of Chemical Classification Reliability
In order to verify the CCSEM-EDX routine, it was first used to characterize the six known dust samples previously described above. A total of 500 particles were analyzed in each sample, and the chemistry classification results are presented in Table 3 . 
Results for the kaolinite and calcite analysis confirmed that respirable-sized particles from these samples are reliably classified by the CCSEM-EDX routine. For the calcite sample, of the 500 particles analyzed, 99% were classified as carbonates and the other 1% were categorized as carbonaceous. This may indicate that a small number of particles were either misclassified-perhaps due to filter background interference for very thin particles-or that very minor contamination occurred during dust collection. For the kaolinite sample, in which all particles were expected to be alumino-silicates, 100% of the particles were indeed classified as alumino-silicates (It should be noted that, per an earlier classification scheme that still included a "mixed carbonaceous" category, 89% of particles in this sample were classified as alumino-silicate and 11% were mixed carbonaceous. Consistent with prior work [27, 28] , this provides further evidence that the mixed carbonaceous particles are actually thin and/or small alumino-silicate particles in many instances.).
For the quartz sample, 92% of the particles were classified as quartz with minor fractions of carbonaceous (4%) and alumino-silicate (4%). Unlike the kaolinite and calcite materials, which required no size reduction prior to collection of respirable particles, the quartz material had to be 
Results and Discussion
Evaluation of Chemical Classification Reliability
In order to verify the CCSEM-EDX routine, it was first used to characterize the six known dust samples previously described above. A total of 500 particles were analyzed in each sample, and the chemistry classification results are presented in Table 3 . Table 3 . Chemical composition distribution resulting from the CCSEM-EDX analysis of six known respirable dust samples.
Sample Type
Chemical Composition Categories
Results reported in the TAS (total alumnio-silicates) category include those classified as and MC per the criteria shown in Table 2 .
For the quartz sample, 92% of the particles were classified as quartz with minor fractions of carbonaceous (4%) and alumino-silicate (4%). Unlike the kaolinite and calcite materials, which required no size reduction prior to collection of respirable particles, the quartz material had to be pulverized. While care was taken to thoroughly clean the pulverizer prior to the introduction of each new material, it is possible that some contamination of the quartz sample occurred due to carry over of dust particles from other samples previously prepared in the apparatus (e.g., coal or shale). It is also quite possible that the source material itself contained impurities.
As mentioned above, the coal, shale, and rock dust product samples were all generated from raw materials, and thus were expected to contain some impurities. For the coal sample, 92% of particles were classified as carbonaceous, with minor fractions (3% or less) showing up in all other defined compositional categories. For the shale sample, 88% of the particles were classified as alumino-silicates, with another 6% as coal, 1% as carbonates, 3% as quartz, and 2% as heavy minerals. The presence of carbonaceous and carbonate constituents in this material is consistent with separate thermogravimetric analysis (TGA) of several samples. The TGA results showed roughly 5% coal and 2% carbonate by mass [52] . For the rock dust sample, 88% of particles were classified as carbonates, and another 7% were classified as alumino-silicates. These results are also in good agreement with separate analyses. XRD results on this material (donated by the mine partner that supplied it) showed 91% carbonate minerals and 5% alumino-silicate minerals by mass [52] .
Evaluation of Reproducibility
Following verification that the CCSEM routine can accurately classify particles into the chemical composition categories of interest, reproducibility of results was also evaluated. For this, the automated routine was run three separate times on each of the ten field samples shown in Table 1 . In each case, the sample orientation within the SEM instrument was different during each scan (i.e., the sample was either removed from the SEM or rotated between scans). This ensured that different areas of the sample were analyzed during each scan, and thus agreement of results between scans should indicate that enough particles across enough of the sample area were analyzed to adequately represent the sample characteristics. For all samples and all scans, a total of 500 particles were analyzed, and most scans were completed in less than 20 min, which equates to an analysis rate nearly 25× faster than the manual dust characterization method (i.e., about 25 vs. 1 particle per minute).
Results were compared with respect to particle cross-sectional diameter, aspect ratio, and chemistry number distributions (Figures 4-6 ). For most of the samples, very little difference is seen between diameter ( Figure 4 ) and aspect ratio ( Figure 5 ) results from the three different scans. The chemistry distribution results ( Figure 6 ) exhibit some slight variability (e.g., percentage of carbonaceous particles varies somewhat in Sample 6). pulverized. While care was taken to thoroughly clean the pulverizer prior to the introduction of each new material, it is possible that some contamination of the quartz sample occurred due to carry over of dust particles from other samples previously prepared in the apparatus (e.g., coal or shale). It is also quite possible that the source material itself contained impurities. As mentioned above, the coal, shale, and rock dust product samples were all generated from raw materials, and thus were expected to contain some impurities. For the coal sample, 92% of particles were classified as carbonaceous, with minor fractions (3% or less) showing up in all other defined compositional categories. For the shale sample, 88% of the particles were classified as alumino-silicates, with another 6% as coal, 1% as carbonates, 3% as quartz, and 2% as heavy minerals. The presence of carbonaceous and carbonate constituents in this material is consistent with separate thermogravimetric analysis (TGA) of several samples. The TGA results showed roughly 5% coal and 2% carbonate by mass [52] . For the rock dust sample, 88% of particles were classified as carbonates, and another 7% were classified as alumino-silicates. These results are also in good agreement with separate analyses. XRD results on this material (donated by the mine partner that supplied it) showed 91% carbonate minerals and 5% alumino-silicate minerals by mass [52] .
Results were compared with respect to particle cross-sectional diameter, aspect ratio, and chemistry number distributions (Figures 4-6 ). For most of the samples, very little difference is seen between diameter (Figure 4 ) and aspect ratio ( Figure 5 ) results from the three different scans. The chemistry distribution results ( Figure 6 ) exhibit some slight variability (e.g., percentage of carbonaceous particles varies somewhat in Sample 6). Figure 7 shows the estimated mass (as opposed to number) distribution of particles in each chemistry category. For this, the spherical diameter, and then volume, of each particle was calculated using an assumed short to intermediate dimension ratio (S:I) value for each respective category. (The short dimension is theoretically the length of the particle in the direction perpendicular to the plane in which the long and intermediate dimensions are observed, with different mineral types tending to have characteristic S:I values.) Then, using the particles spherical volume and an assumed specific gravity (SG) value for its category, the mass was calculated. The basis for these calculations, along with assumed values for each chemistry category, is provided in Sellaro et al. [28] ; For the total alumino-silicate category, the SG and S:I values given for alumino-silicates in [28] were used; For particles in the HM category, SG values of 7.9, 2.5 and 4.5 were used for particles that were observed to be dominated by iron, aluminum and titanium, respectively. Figure 7 illustrates that carbonaceous particles make up much less of the total dust by mass than by number, which is due to the relatively low specific gravity of coal compared to other primary dust constituents. On the other hand, the abundances of quartz and carbonate, and often alumino-silicate, particles by mass appear relatively higher than by number. The quartz and carbonate categories have relatively high specific gravity and S:I values, whereas the specific gravity is high but the S:I value is low for the total alumino-silicate category. Figure 7 shows the estimated mass (as opposed to number) distribution of particles in each chemistry category. For this, the spherical diameter, and then volume, of each particle was calculated using an assumed short to intermediate dimension ratio (S:I) value for each respective category. (The short dimension is theoretically the length of the particle in the direction perpendicular to the plane in which the long and intermediate dimensions are observed, with different mineral types tending to have characteristic S:I values.) Then, using the particles spherical volume and an assumed specific gravity (SG) value for its category, the mass was calculated. The basis for these calculations, along with assumed values for each chemistry category, is provided in Sellaro et al. [28] ; For the total alumino-silicate category, the SG and S:I values given for alumino-silicates in [28] were used; For particles in the HM category, SG values of 7.9, 2.5 and 4.5 were used for particles that were observed to be dominated by iron, aluminum and titanium, respectively. Figure 7 illustrates that carbonaceous particles make up much less of the total dust by mass than by number, which is due to the relatively low specific gravity of coal compared to other primary dust constituents. On the other hand, the abundances of quartz and carbonate, and often alumino-silicate, particles by mass appear relatively higher than by number. The quartz and carbonate categories have relatively high specific gravity and S:I values, whereas the specific gravity is high but the S:I value is low for the total alumino-silicate category. Figure 7 shows the estimated mass (as opposed to number) distribution of particles in each chemistry category. For this, the spherical diameter, and then volume, of each particle was calculated using an assumed short to intermediate dimension ratio (S:I) value for each respective category. (The short dimension is theoretically the length of the particle in the direction perpendicular to the plane in which the long and intermediate dimensions are observed, with different mineral types tending to have characteristic S:I values.) Then, using the particles spherical volume and an assumed specific gravity (SG) value for its category, the mass was calculated. The basis for these calculations, along with assumed values for each chemistry category, is provided in Sellaro et al. [28] ; For the total alumino-silicate category, the SG and S:I values given for alumino-silicates in [28] were used; For particles in the HM category, SG values of 7.9, 2.5 and 4.5 were used for particles that were observed to be dominated by iron, aluminum and titanium, respectively. Figure 7 illustrates that carbonaceous particles make up much less of the total dust by mass than by number, which is due to the relatively low specific gravity of coal compared to other primary dust constituents. On the other hand, the abundances of quartz and carbonate, and often alumino-silicate, particles by mass appear relatively higher than by number. The quartz and carbonate categories have relatively high specific gravity and S:I values, whereas the specific gravity is high but the S:I value is low for the total alumino-silicate category. To determine whether the data collected during different scans of the same sample were statistically different, the Freeman-Halton test was performed on each pairwise data set for a given sample with respect to particle diameter, aspect ratio, and chemistry number distribution results. This test is a two-sided exact test of independence, which outputs a p-value representing the likelihood of the dependence of two data sets [53] . Resulting p-values can be used to determine if, for example, the particle diameter distribution found for Sample 1 by Scan 1 agrees with that of Scan 3. The null hypothesis of each test is that the pair in question agrees (i.e., is statistically similar), and the alternative is that the pair disagrees. At a 95% confidence level, p-values > 0.05 indicate pair agreement, while p-values < 0.05 indicate disagreement.
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The results of all Freeman-Halton tests and chemistry are displayed in Table 4 . All comparisons of particle diameter and aspect ratio distributions from different scans on the same sample were found to be in agreement, and all except one comparison of particle chemistry distributions (Sample 6, Scan 1 vs. Scan 3) were found to be in agreement. This suggests that the automated routine generally analyzes a sufficient number of particles across a sufficient sample area to yield reproducible results, meaning that they are representative of the entire filter area prepared for analysis. This is consistent with observations in other studies of CCSEM-EDX (e.g., see [37] ), which have shown very good reproducibility of particle chemistry classification results-particularly for major category classes-when a relatively large number of particles across a relatively large number of fields are analyzed. While repeatability of the automated routine (i.e., the ability to consistently reproduce results for the same particles, or a large number of particles in the same fields) was not investigated here, others using CCSEM-EDX for fine dust analysis have evaluated this and generally found that repeatability is quite good (i.e., given consistent operating conditions and classification criteria) [37, 54] .
Beyond verifying that the CCSEM-EDX routine produces reproducible results on respirable coal mine dust samples, Figures 4-7 underscore the usefulness of such results by illustrating how dust collected in different mine environments can vary. For example, Samples 7 and 9 exhibited relatively high percentages of quartz particles (on a number-and mass-basis), and these samples were both collected in a mine with predominantly sandstone roof rock, which is known to frequently have relatively high respirable quartz concentrations (by mass). Samples 3 and 6-9 all had relatively high percentages of alumino-silicate particles, and these were taken near cutting (i.e., at the continuous miner machine or just downstream in the return entry) or drilling (i.e., roof bolting) activities, where significant dust from rock strata can be generated. Schatzel, using bulk analytical techniques including X-ray fluorescence (XRF), XRD, and Fourier transform infrared spectroscopy (FTIR), has previously reported that roof and floor rock can be major sources of respirable silica and aluminosilicates [55, 56] . Samples 6-8 also had slightly higher aspect ratios than other samples, which is To determine whether the data collected during different scans of the same sample were statistically different, the Freeman-Halton test was performed on each pairwise data set for a given sample with respect to particle diameter, aspect ratio, and chemistry number distribution results. This test is a two-sided exact test of independence, which outputs a p-value representing the likelihood of the dependence of two data sets [53] . Resulting p-values can be used to determine if, for example, the particle diameter distribution found for Sample 1 by Scan 1 agrees with that of Scan 3. The null hypothesis of each test is that the pair in question agrees (i.e., is statistically similar), and the alternative is that the pair disagrees. At a 95% confidence level, p-values > 0.05 indicate pair agreement, while p-values < 0.05 indicate disagreement.
Beyond verifying that the CCSEM-EDX routine produces reproducible results on respirable coal mine dust samples, Figures 4-7 underscore the usefulness of such results by illustrating how dust collected in different mine environments can vary. For example, Samples 7 and 9 exhibited relatively high percentages of quartz particles (on a number-and mass-basis), and these samples were both collected in a mine with predominantly sandstone roof rock, which is known to frequently have relatively high respirable quartz concentrations (by mass). Samples 3 and 6-9 all had relatively high percentages of alumino-silicate particles, and these were taken near cutting (i.e., at the continuous miner machine or just downstream in the return entry) or drilling (i.e., roof bolting) activities, where significant dust from rock strata can be generated. Schatzel, using bulk analytical techniques including X-ray fluorescence (XRF), XRD, and Fourier transform infrared spectroscopy (FTIR), has previously reported that roof and floor rock can be major sources of respirable silica and alumino-silicates [55, 56] . Samples 6-8 also had slightly higher aspect ratios than other samples, which is generally consistent with expectations for platy minerals, but the observed differences here are fairly subtle. Further, Samples 1, 2 and 10 were found to have relatively high percentages of carbonates. These samples were taken in areas where significant rock dusting activities were occurring. While little information is currently available on the relative contribution of rock dust products to the total airborne respirable dust concentration in underground coal mines, Colinet and Listak have shown that the respirable fraction of particles in these products can be more than 30% (by volume) [57] . Assuming that rock dust is the primary source of carbonate particles in the mines represented in the current study, the results presented here indicate that enough respirable rock dust particles may become airborne to contribute significantly to the total respirable dust concentration. Although rock dust products are not generally considered to pose health hazards, from an operational perspective, this issue is of increasing importance given that the total respirable dust concentration limit in US coal mines has just been reduced [58] . Moreover, recent research has suggested that finer rock dust products, which presumably contain even higher respirable fractions, should be more effective in reducing explosibility hazards [59] .
Notably, most samples were not observed to be dominated by carbonaceous (i.e., coal dust) particles. This may seem somewhat counterintuitive, though historical studies have shown that the "ash" or total mineral (i.e., non-coal) fraction of dust in coal mines can be relatively high (i.e., 30% or more by mass) [2] . Understanding the actual composition of the non-coal respirable dust fraction may well be important for advancing the understanding of health outcomes associated with mine dust exposures. For instance, recent work by Cohen et al. has identified both silica and silicate particles in the lung tissues of severely diseased coal miners [60] , but casual links between specific exposure characteristics and such disease pathology has yet to be established.
The fact that relatively small particles (i.e., less than 3 µm in cross-sectional diameter) appeared to dominate the field samples analyzed here is not surprising necessarily. The Dorr Oliver cyclones used for sample collection are designed to discard particles with aerodynamic diameters greater than about 10 µm; and they have a penetration efficiency of about 50% around 4 µm at the 1.7 L/min sampling flow rate used. Though cross-sectional and aerodynamic diameters are not equivalent for most particles, this does mean that the results in Figure 4 likely underestimate the relative proportions of large particles (i.e., greater than 3 µm in cross-sectional diameter). Nonetheless, the difference between the abundance of particles in the 0.95-2.0 µm and 2.0-3.0 µm size classes shown in Figure 4 should provide a good comparison of particles in these narrow ranges.
In the context of health implications, a better understanding of the abundance and characteristics of very small particles, including those below the effective analysis limit set by the 1000× magnification utilized here, would be highly valuable. Adaptation of the CCSEM-EDX routine outlined in the current work to analyze sub-micron particles is the focus of ongoing work by the authors. This will require analysis at higher magnification (reducing data acquisition rate), and further modification of the chemistry classification criteria. While the practical limit for particle sizing by SEM is about 0.1 µm, chemical analysis may be limited well above this due to interference by the sample (i.e., filter) background. For samples on PC filters, discrimination between high-carbon particles (i.e., those in the carbonaceous and carbonate categories) is anticipated to be particularly challenging. The challenges of SEM-EDX work (including CC work) on sub-micron particles has been reviewed in detail by the EPA [37] .
Conclusions
Respirable dust analysis by SEM-EDX can provide new insights into occupational exposure characteristics and, potentially, health outcomes for mine workers. Based on a previously developed manual routine, a CCSEM-EDX routine was established for analysis of coal mine dust samples. Operating at just 1000× magnification, it can reliably classify particles greater than about 1 µm into defined chemical composition categories, as well as capture particle dimensions that can be used to characterize size and basic shape parameters. Compared to manual analysis, the automated routine greatly increases the data acquisition rate, and it also provides reproducible, representative results. This is attributed to both the increased number of particles analyzed per sample and the fact that the routine guarantees that particles selected for analysis are distributed across a large area of the filter. When applied to a limited set of field samples, the CCSEM-EDX routine demonstrated that respirable coal mine dust can vary widely, particularly with respect to chemical composition. Results were generally consistent with observed conditions in the sampled mine environments. Analysis of larger and/or targeted sample sets may yield specific information of practical importance to health researchers, mine personnel, and the regulatory community.
